Glucocorticoids are primary stress hormones and can improve neonatal survival when given to pregnant women threatened by preterm birth or to preterm infants. It has become increasingly apparent that glucocorticoids, primarily by interacting with glucocorticoid receptors, play a critical role in late gestational cardiac maturation. Altered glucocorticoid actions contribute to the development and progression of heart disease. The knowledge gained from studies in the mature heart or cardiac damage is insufficient but a necessary starting point for understanding cardiac programming including programming of the cardiac microenvironment by glucocorticoids in the fetal heart. This review aims to highlight the potential roles of glucocorticoids in programming of the cardiac microenvironment, especially the supporting cells including endothelial cells, immune cells and fibroblasts. The molecular mechanisms by which glucocorticoids regulate the various cellular and extracellular components and the clinical relevance of glucocorticoid functions in the heart are also discussed.
Introduction
Glucocorticoids are a class of corticosteroids and are chiefly produced in the zona fasciculata of the adrenal cortex. These steroid hormones are crucial endocrine regulators of body functions in homeostasis and adaptation to environmental changes. Endogenous glucocorticoids act on a variety of cell types to regulate the expression of genes controlling cellular metabolism, growth, differentiation and apoptosis (Fowden et al. 2004 , Grad et al. 2007 , Cain et al. 2015 . Increasing evidence indicates that glucocorticoids play an essential role in developmental 'programming' of health and disease (Bolt et al. 2001) . Glucocorticoids are required for the development of lung, brain, gastrointestinal system, renal system and cardiovascular system. A large number of studies have found that antenatal treatment with exogenous glucocorticoids or exposure to high levels of endogenous glucocorticoids as a result of maternal stress in pregnancy lead to the development of many adult offspring pathologies, including heart disease, stroke, metabolic syndrome and diabetes mellitus (Asztalos 2012 , Carson et al. 2016 , Kemp et al. 2016 , Agnew et al. 2018 .
Biological function of glucocorticoids is mainly mediated by binding of these hormones to the cognate intracellular glucocorticoid receptor (GR) encoded by the nuclear receptor subfamily 3 group C member 1 (NR3C1) gene. GR activation could directly induce either genewhich alters proteins expression and can manifest as maternal stress in pregnancy, illness, inflammation and anxiety. The binding of glucocorticoids to the GR results in receptor homodimerization followed by GR release from the heat shock proteins including heat shock protein 90, heat shock protein 70 and the FK506-binding protein 52 (Pratt et al. 2006) . The homodimerized receptor is transported into the nucleus and binds to specific DNAresponsive elements, resulting in the activation of gene transcription. In addition, activated GR can complex with some transcription factors such as NF-κB or AP-1 to prevent them from binding to their target genes, and hence, represses gene expression regulated by these transcription factors (De Bosscher et al. 2014) . For nongenomic pathways, glucocorticoid induces rapid signaling events involving phospholipase C, mitogen-activated protein kinases, phosphatidylinositol 3-kinase, Src kinase, Ca 2+ /Calmodulin-dependent protein kinase II and synapsin-I, leading to changes in cytoplasmic calcium concentrations, an increase in mitochondrial production of reactive oxygen species, and the lysosomal release of cathepsin B (Sundahl et al. 2015 , Ayrout et al. 2017 . Both genomic and non-genomic pathways participate in numerous physiological processes required for cell homeostasis and pathophysiological processes mediated by glucocorticoids.
Early insults at critical stages of development may therefore lead to permanent changes in tissue structure and function, a concept now known as programming (Lucas 1991) . The programming occurs in the immature, developing myocardium undergoing de novo growth in which a broad and complex array of signals and interactions are surely happening. However, this phenomenon has been sorely understudied. Most research exploring how glucocorticoids regulate function of cardiac cells, including cardiomyocytes and environmental supporting cells, has been primarily conducted in the mature heart, especially the damaged mature heart. Much less is known about the regulation of cardiac cells by glucocorticoids during de novo cardiac development in the fetus or newborn. The knowledge gained from studies in the mature heart or cardiac damage is clearly insufficient to fully understand cardiac programming by glucocorticoids in the fetal heart. However, it is helpful to consider how glucocorticoids regulate cardiac cells in damaged mature heart as a starting point to understand what may be occurring in the fetal heart. In this review, we focus on the role of glucocorticoids in programming of heart development and heart disease. We will discuss mechanisms of epigenetic modifications underlying fetal and adult glucocorticoid programming and potential clinical implications of glucocorticoids based therapeutic approaches for fetal development and cardiovascular disease.
Glucocorticoids in heart development and function
Endogenous glucocorticoids provide a critical developmental trigger. In a great majority of mammalian species, a surge in levels of maternal glucocorticoids goes into the fetal circulation during late gestation. In sheep, the prepartum surge in cortisol is primarily due to fetal secretion (Challis et al. 2000) . This surge is essential for the normal development and the structural and functional maturation of the heart (Fowden et al. 1998 , Moisiadis et al. 2014 . Mice with targeted GR deletion in cardiomyocytes were born at the expected Mendelian ratio, but died prematurely from spontaneous cardiovascular disease such as spontaneous cardiac hypertrophy, left ventricular dysfunction and heart failure (Oakley et al. 2013) . Cortisol administration directly to the near-term fetal lambs increased heart mass that was associated with increased cardiomyocyte proliferation rather than hypertrophy (Giraud et al. 2006) . Kim et al. found that developing piglet hearts before the cortisol surge had smaller myocytes with fewer binucleation and more proliferative and fewer apoptotic nuclei than term hearts (Kim et al. 2014) . Remarkably, maternal glucocorticoid treatment resulted in increased binucleation with no increase in myocyte volume and levels of proliferation and apoptosis in developing piglet hearts before the cortisol surge (Kim et al. 2014 ). In addition, there was an increase in the ratio of left to right ventricular weight in female piglet hearts. Furthermore, glucocorticoidinduced myocyte structural maturation is correlated with changes in cardiac function (Eiby et al. 2012 (Eiby et al. , 2013 . In an immature baboon model associated with impaired heart function (measured by fractional shortening and velocity of circumferential fiber shortening), a short time course of neonatal hydrocortisone treatment improved cardiac performance including left ventricular function, blood pressure and metabolic acidosis (Yoder et al. 2002) , which is consistent with a beneficial effect of glucocorticoids on heart maturation.
Although glucocorticoids are vital for normal fetal development, an exposure to excessive glucocorticoids can reduce fetal growth and has lifelong deleterious effects on the offspring. Prenatal glucocorticoid overexposure is associated with permanent hypertension, hyperglycemia and neurobehavioral abnormalities and other consequences to the offspring (Drake et al. 2007) . Recent studies have shown that prenatal glucocorticoid excess can cause long-term deleterious cardiometabolic risk and other consequences to the offspring. Dexamethasone overexposure (100-200 µg/kg/day) in late gestation caused upregulation of Ca 2+ -binding protein expression in the rat, leading to cardiac impairment and premature death in both the 21-day old fetus and in adulthood, suggesting that elevated maternal glucocorticoids could impair adult cardiac function in offspring (Langdown et al. 2003) . Interestingly, prenatal extra glucocorticoid exposure also increased the susceptibility of the myocardium to ischemia/reperfusion injury in adult offspring (Peng et al. 2018) . Moreover, this study uncovered the target genes involved in the programming effects of glucocorticoids, and the methylation profile of gene promoters in adult myocardium after prenatal glucocorticoid exposure (Peng et al. 2018) . Overall, these observations indicate that fetal exposure to excessive glucocorticoids (either exogenous or endogenous origin) during gestation increases the susceptibility of offspring's heart to 'second strike' which may impair cardiac function in adulthood. Thus, it is strongly evident that glucocorticoids and their receptor are critical for heart maturation and development. Prenatal glucocorticoid exposure either via the mother or directly acting to the fetus substantially programs the physiological heart functions of offspring throughout life.
Cells in the developing embryo are in constant communication with their neighbors, and the molecules they use to send and receive signals are essential for development (Basson 2012) . Heart development and function are not only determined by the characteristics of cardiomyocytes, but also critically influenced by their microenvironment. Critical components of the cardiac microenvironment include supporting cells, the extracellular matrix proteins, the mechanical environment of the cells and the soluble components, such as oxygen and cytokines (Mauretti et al. 2017) . The heart is a highly organized pluricellular organ consisting of different and equipotent cell types including endothelial cells, immune cells and fibroblasts in addition to cardiomyocytes. Communication among these cell types in a network of structure plays a vital role in the production of the extracellular matrix proteins and the soluble components and response to the mechanical environment of the cells (Bruneau 2013 , Mauretti et al. 2017 . Therefore, supporting cells in the cardiac microenvironment are crucial for cardiac development, autoregulation and adaptation.
It is possible that besides cardiomyocytes, other cell types are involved in glucocorticoid-mediated heart development and function. It is of interest that mice with either conditional disruption of GR in cardiomyocytes and vascular smooth muscle cells using smooth muscle protein 22-driven Cre recombinase (SMGRKO mice) or global deficiency in GR (GR −/− ) showed altered cardiac ultrastructure with short, disorganized myofibrils in cardiomyocytes at embryonic day (E)17.5 (Rog-Zielinska et al. 2013) . Meanwhile, impaired heart function occurred in both SMGRKO and GR −/− mice at E17.5. The impairment of cardiac ultrastructure and function was found to be associated with failure to induce critical genes involved in contractile function, calcium handling and energy metabolism (Rog-Zielinska et al. 2013) . Further understanding the programming effects of glucocorticoids on fetal cardiac microenvironment and the role of GR in endothelial cells, macrophages or fibroblasts in the heart development and function would be of great interest in formulating new therapeutic approaches to the treatment of heart disease.
Regulation of glucocorticoids on cardiac microenvironment
The cardiac microenvironment constitutes a cardiogenic niche that controls cardiac development, function and disease (Atmanli et al. 2017) . As mentioned in 'Glucocorticoids in heart development and function' section, supporting cells such as endothelial cells, immune cells and fibroblasts in the cardiac microenvironment are crucial for cardiac development, autoregulation and adaptation. Much less is known about fetal developmental adaptive programming on cardiac supporting cells by glucocorticoids. However, it might be helpful to consider how glucocorticoids regulate cardiac cells in damaged mature heart as a starting point to understand what may be occurring in the fetal heart. In this section, the regulation of supporting cells in the cardiac microenvironment by glucocorticoids and its role in regulation of cardiac function is discussed to speculate the potential effect of glucocorticoids on programming the cardiac microenvironment.
Endothelial cells
Although during fetal development organ-specific endothelial cells have distinct expression patterns of gene clusters and cell functions, organ-specific endothelial cells support host cell survival and function and organ development (Marcu et al. 2018) . In cardiac development, endothelial cells may secrete signaling mediators modulating cardiomyocyte development, survival and contraction. Many studies indicate that endothelial cells form an instructive vascular niche to promote organ growth and regeneration through paracrine signaling pathways (Ding et al. 2010 (Ding et al. , 2011 (Ding et al. , 2014 . In response to physiological or pathological stimuli, endothelial cells can act on the neighboring cell types by secreting angiocrines. Although very little is known about the cardiac EC angiocrines in response to physiological or pathological stimuli, a growing number of EC-derived factors acting on cardiomyocytes have been identified, including nitric oxide (NO), endothelin-1, neuregulin-1, angiotensin II, angiopoietins, prostaglandins, connective tissue growth factor, fibroblast growth factor, vascular endothelial growth factor, Dickkopf-3, apelin and endothelial miRNAs (Segers et al. 2018) . It was elucidated that increases in vascular endothelial growth factor A expression in fetal sheep intestines during gestation were strongly associated with fetal circulating glucocorticoids levels (Holmes et al. 2008) . However, there was too little known about regulation of glucocorticoids on endothelial cells during cardiac development.
A growing body of literature has demonstrated that the regulation of glucocorticoids/GR on various adult EC-derived factors. The glucocorticoid response element (GRE) is identified in the nitric oxide synthase (eNOS) gene promoter region, which modulates glucocorticoidinduced eNOS suppression in vitro (Liu et al. 2009 ). Further, the study in EC GR-deficient mice (GR EC KO ) revealed that the expression of eNOS and inducible nitric oxide synthase was increased, leading to NO release in sepsis (Goodwin et al. 2013) . In addition, GR agonists dexamethasone and ginsenoside-Rg1 rapidly suppressed the expression of mature miRNA-15b, miRNA-23a and miRNA-214 in human endothelial cells, which may mediate acute cardiovascular protective effects (Kwok et al. 2017) . The data form adult endothelial cells could give us some clues for the regulation of glucocorticoids on developing endothelial cells, especially under maternal stress.
Therefore, although the effect of glucocorticoids in the regulation of fetal cardiac endothelial cells activity and function remains largely elusive, it has therapeutic potential to explore the role of glucocorticoids in regulating EC-derived cardiac microenvironment programming in heart development and disease.
Immune cells
Although our understanding of the human adult immune cells has progressed tremendously, we know very little about the immune cells during fetal development. Recently, the macrophages generated in the heart tube are found to be particularly adept at eating up excess tissue (Shigeta et al. 2019) . This makes this endocardial immune cell essential not just to heart valve formation, but to heart valve maintenance throughout life. Because those macrophages remain in the body throughout people's lives, it is important to explore fetal developmental adaptive programming in the immune cells, and it could be possible to target them to treat cardiac disease that develops later in life.
Endogenous and pharmacological glucocorticoids exert robust effects on different immune cells such as macrophages, lymphocytes, B cells and T cells to regulate inflammatory and immune processes. Recently, it has been demonstrated that GR-knockout monocyte-derived macrophages increase pro-inflammatory chemokine CCL5 and decreases interleukin 1α (IL-1α), a cytokine that plays a central role in delaying myofibroblast differentiation during the inflammatory phase of healing after ischemic myocardial injury (Galuppo et al. 2017) . Blockade of GR inhibited macrophage infiltration and gene expression of monocyte chemoattractant protein-1, osteopontin, cyclooxygenase-2 and tumor necrosis factor-α (TNFα) in the left ventricular myocardium, contributing to attenuation of cardiac injury in rats with metabolic syndrome (Takeshita et al. 2015) . It is known that IL-10 is a crucial GR target gene in macrophages. IL-10 was recently found to regulate macrophage polarization after myocardial infarction and macrophage bioenergetics during inflammation (Ip et al. 2017 , Shirakawa et al. 2018 . To date, it is relatively unexplored whether IL-10-mediated metabolically reprogramming macrophage to mitophagy plays a role in cardiovascular inflammation. It is likely that glucocorticoids regulate cardiac function at least partly through the action of IL-10 on macrophage phenotype and bioenergetics. It is known that the adult mammalian heart contained specific subsets of both embryonic and adult-derived macrophages at steady state and in response to cardiac stress (Epelman et al. 2014 ). The knowledge gained from studies in the mature heart or cardiac damage is insufficient, but it is a necessary starting point for understanding cardiac programming by GCs in the fetal heart. Therefore, it is important to further explore effect of glucocorticoid/GR signaling on macrophages populations with distinct ontological origins and mechanisms of crosstalk between glucocorticoid/GR signaling and subset-specific pathways in heart development and disorders.
Fibroblasts
Fibroblast is a prevalent cell type in the cardiac interstitium. Cardiac fibroblasts are generated during embryonic development from the endocardium and epicardium through epithelial-to-mesenchymal transition and lasts until adulthood (Furtado et al. 2016) . Disruption of fibroblast activity during embryonic development leads to a heart with smaller ventricular chambers, reduced myocardial thickness or septation defects (Furtado et al. 2016) . Physically, fibroblasts can retain the cardiac geometry and function by producing and sustaining the extracellular matrix network in the adult mammalian heart. During disease processes such as myocardial infarction, fibroblasts function in post-infarction inflammation and cardiac repair in the wound microenvironment (Chen et al. 2017) . Fibroblast overactivity can cause an imbalance that promotes myocardial hypertrophy and scarring, culminating in heart dilation and impaired function (Furtado et al. 2016) . Hydrocortisone at the dose of 127 ng/mL (equivalent to endogenous basal level of glucocorticoids) inhibited lipopolysaccharide (LPS) (100 ng/mL)-induced productions of TNFα and interleukin 1β (IL-1β) in cardiac fibroblasts, leading to the inhibition of chronic inflammatory disorders during the cardiac disease . Corticosteroneinduced collagen synthesis in cultured rat neonatal cardiac fibroblasts under oxidative stress promoted cardiac fibrosis (Omori et al. 2014) . Interestingly, in GR LysMCre mice, the inactivation of GR alters the differentiation/maturation of monocyte-derived macrophages in infarcted myocardium, leading to perturbed myofibroblast differentiation after myocardial infarction. It provides in vivo evidence that the macrophage GR regulates myofibroblast differentiation in the infarct microenvironment during the early phase of wound healing (Galuppo et al. 2017) . We mainly have data on how adult fibroblasts behave by glucocorticoids, so we have a huge knowledge gap in GC regulation of fibroblasts in the developing fetal heart, which needs to be addressed experimentally.
As cardiac fibroblasts play a prominent role in cardiac development, scarring and regeneration, it is important to explore the role of glucocorticoids in regulating fibroblasts to be reprogrammed into alternative cell lineages and interacting with other cell types in their microenvironment during heart development and disease.
Glucocorticoid signaling and epigenetic mechanism in the heart
Suboptimal uterine environmental exposure has been linked to short-and long-term cardiovascular disease in adulthood, termed as 'developmental origins of health and disease' (Barker et al. 1988 , Vaag et al. 2012 , Mandy et al. 2018 . Although the exact mechanisms underlying the developmental programming remain largely unclear, emerging studies suggest an important role of epigenetic regulation. Epigenetic mechanisms such as DNA methylation, histone modifications, miRNAs and lncRNAs are relatively stable signals, contributing to developmental origins of health and disease , Yamada et al. 2017 . The genomic and non-genomic mechanisms regulating cardiac gene expression by glucocorticoids during fetal development and postnatal maturation and in disease have been reviewed elsewhere (Pratt et al. 2006 , Oakley et al. 2015 . Here, we summarize recent progresses in epigenetic regulation of heart development and disease by glucocorticoids.
DNA methylation
DNA methylation catalyzed by DNA methyltransferases is an epigenetic mechanism for gene regulation (Yang et al. 2010) . Dynamic DNA methylation is vital for mammalian heart development and function during numerous developmental processes (e.g., gametogenesis, hematopoiesis stem cell differentiation) and different disease progression (Patterson et al. 2010 , Smith et al. 2013 , Gilsbach et al. 2014 , Martinez et al. 2015 . Gay et al. found that 5-aza-2′-deoxycytidine (5-AZA), a global DNA methylation inhibitor, blocked the effects of dexamethasone on binucleation in postnatal day 4 (P4) animals and proliferation at P7, leading to recovered cardiomyocyte number in P14 hearts. This finding provides evidence that increased DNA methylation mediates glucocorticoids action on inhibiting cardiomyocyte proliferation and stimulating premature terminal cell differentiation in the developing heart . However, it remains to be elucidated whether and how glucocorticoids regulate DNA methylation via GR. Recently, dexamethasone has been found to downregulate DNA methyltransferases 1 and 3A expression in rat aortic smooth muscle cells, which was blocked by GR antagonist mifepristone (Chuang et al. 2017) . Further, either inhibition or knockdown of DNA methyltransferases enhanced DEX-mediated miRNA-29c induction (Chuang et al. 2017) . Although these findings come from the adult cells, it could provide clues to understand glucocorticoids regulating DNA methylation via GR in heart development and disease.
Perinatal hypoxia and glucocorticoid exposure cause fetal programming during fetal development, leading to an increased risk of adult disease (Zhang 2005) . The unliganded GR protein levels can affect its sensitivity to glucocorticoids. Adverse intrauterine environment such as maternal hypoxia can decrease GR protein abundance in rat hearts and this reduction of GR is sustained in the adult offspring (Xue et al. 2011) . Our recent study found that maternal hypoxia induced a significant decrease of GR exons 1 4 , 1 5 , 1 6 and 1 7 transcripts, leading to downregulation of GR expression in gestational day 21 (E21) rat fetal hearts (Xiong et al. 2016) . Hypoxia significantly increased CpG methylation at the CREs and Sp1-binding sites and decreased transcription factor binding to GR exon 1s promoter, leading to the repression of corresponding GR exons 14-7 mRNA variants and total GR mRNA and protein in the developing heart. Significantly, treatment of newborn pups with DNA methylation inhibitor 5-AZA reversed hypoxia-induced promoter methylation, restored GR expression and prevented hypoxia-mediated increase in ischemia and reperfusion injury of the heart in offspring (Xiong et al. 2016) . Our more recent study further established that DNA methylation is a potential mechanistic link between prenatal hypoxia and this epigenetic regulation of GR expression in adult offspring in rats (Lv et al. 2019) . Thus, our studies provide novel evidence that DNA methylation is an essential epigenetic mechanism in mediating the effect of glucocorticoids not only on the optimal development of the heart but also on heart function after birth. It should be noted that our studies also suggest maternal stress-induced fetal developmental adaptive programming, that is by changing the pattern of developmental (glucocorticoids) signals to the fetus, lasts until adult.
Mata-Greenwood et al. investigated the transcriptional regulation of GR in human umbilical vein endothelial cells (HUVECs) from 25 healthy term pregnancies and demonstrated that dexamethasone-sensitive HUVECs had higher methylation levels of promoter 1D and lower methylation levels of promoter 1F than dexamethasone-resistant HUVECs (Mata-Greenwood et al. 2015) . Intriguingly, inhibition of DNA methylation with 5-AZA abolished the differential 5′UTR mRNA isoform expression between dexamethasone-sensitive and dexamethasone-resistant HUVECs. In addition, both GRα overexpression and 5-AZA treatment eliminated the differences between sensitivity groups to dexamethasonemediated downregulation of eNOS and upregulation of plasminogen activator inhibitor 1 (SERPINE1) in HUVECs. These manipulations made the dexamethasoneresistant HUVECs behave like dexamethasone-sensitive HUVECs (Mata-Greenwood et al. 2015) . Thus, the study provides novel insights into the upstream mechanisms that alter GR expression in the cardiovascular system and suggests that future use of epigenetic marks would help in identifying glucocorticoid-responsive individuals (Mata-Greenwood et al. 2015) .
GRs are activated upon glucocorticoid binding and subsequently interact with their target genes to regulate heart maturation. Intriguingly, adverse intrauterine environment such as maternal hypoxia could regulate GR expression through DNA methylation and consequently modifies glucocorticoids' action in heart development and function. Little attention has been paid to this area and further work is needed to elucidate the role of glucocorticoid signaling in the regulation of DNA methylation in the cardiac microenvironment during heart development and disease.
Histone modifications
Increasing evidence supports a prominent role of epigenetic histone acetylation modifications in the heart development and cardiovascular defects (Yao et al. 1998 , Shikama et al. 2003 . The GR lacks deacetylase activity itself. However, it can interact with many of the nuclear corepressor complexes to recruit histone deacetylases.
Knockdown of histone deacetylase (HDAC) 2 reversed hydrocortisone-mediated inhibition of TNF-α and IL-1β production induced by LPS (100 ng/mL) in cardiac fibroblasts, suggesting that HDAC2 is required for the inhibitory effect of glucocorticoids on the inflammatory response . In LPS-stimulated macrophages, GR activation attenuated the recruitment of p300 and histone acetylation, leading to a failure to assemble bromodomain-containing protein 4 coupling the acetylation state with RNA polymerase II elongation and mediator at promoters and enhancers and eventually blocking RNA polymerase II initiation. This histone modification directed GR-driven repression of inflammatory response genes such as IL-1a and IL-1b and cluster of differentiation 83 in LPS-stimulated macrophages (Sacta et al. 2018) . Therefore, histone deacetylation mediates the inhibitory effect of glucocorticoids on the inflammatory response and guides glucocorticoid signaling-driven adaptation in the cardiac microenvironment during cardiovascular development and disease.
miRNAs
Cardiac development is intricate, involving the differential expression of multiple factors including miRNAs. miRNAs regulate numerous cellular and physiological processes and their dysregulation has been linked to heart disease. The interaction between glucocorticoids and miRNAs is a potential mechanism by which stress selectively modulates gene expression and consequently influences cardiac health. Increasing evidence indicates that miRNAs modulate both glucocorticoid production in the adrenal gland and the responses of various effector cells such as immune cells, osteoblasts, liver cells and spleen cells to glucocorticoids (Clayton et al. 2018) . Moreover, glucocorticoids influence cell proliferation, survival and function in part by regulating miRNA expression. It was found that differentially expressed genes between cardiomyopathy patients and healthy donors were enriched for various pathways, of which GR signaling is the most significant. miRNA-30c-5p and miRNA125b-5p play an essential role in the regulatory network of differentially expressed genes related to glucocorticoid signaling, which is implicated in cardiomyogenesis or cardiac function (Wang et al. 2014) .
A recent study demonstrated that hypoxia induced both HIF-1α-dependent miRNA-210 production and miRNA-210-mediated GR suppression in cardiomyocytes (Martinez et al. 2017 ). Furthermore, inhibition or knockdown of GR-exacerbated cell death in response to hypoxia-reoxygenation injury, providing novel evidence for a possible mechanistic link between fetal hypoxia and programming of ischemic-sensitive phenotype in the developing heart (Martinez et al. 2017) . miRNAs are also found to mediate GR expression and glucocorticoid downstream signaling in other cell types. Several miRNAs have been implicated in positive or negative regulation of inflammatory responses in immune cells (Sheedy et al. 2008 , O'Connell et al. 2010 , which may be subject to modulation by glucocorticoids. Recently, RNA pulldown coupled with proteomic analysis recognized that GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) mediates GR-regulated miRNA maturation (Kwok et al. 2017) . Activated GR-induced phosphorylation of v-AKT murine thymoma viral oncogene homologue kinase, which in turn phosphorylated and promoted nuclear translocation of G3BP1. The nuclear G3BP1 bound to the G3BP1 consensus sequence located on primary miRNA-15b~16-2 and miR-23a~27a~24-2, leading to impaired maturation and activity of these miRNAs in human endothelial cells (Kwok et al. 2017) . Dexamethasone inhibited LPS-induced expression of miRNA-155 in primary macrophages and macrophage cell lines and T lymphocytes of sepsis patients (Clayton et al. 2018) . In short, miRNAs play an essential role in the regulation of GR expression and glucocorticoid signaling in the cardiac supporting cells, which could influence cardiac development and health.
lncRNAs
Recent studies revealed an important role for lncRNAs in cardiac development, regeneration and cardiovascular disease (Klattenhoff et al. 2013 , Michalik et al. 2014 , Ounzain et al. 2015 . The lncRNA profile in human fetal and adult heart showed that lncRNA ENST00000425771, a 242 nt lncRNA transcribed from the gene growth arrestspecific 5 (GAS5), is located on chromosome 1. GAS5 can act as a riborepressor of the GR by binding to the DNA-binding domain of the GR (Kino et al. 2010) . Given glucocorticoids have been demonstrated to be critical for cardiac development (Jaeggi et al. 2004) , changes in this lncRNA may contribute to heart development and function.
Several studies demonstrated that lncRNAs are linked to glucocorticoid signaling in endothelial cells, fibroblasts and macrophages. Chowdhury et al. recently demonstrated that EGO, were markedly increased, which may be associated with a significant increase in GR signaling in human skin microvascular endothelial cells stimulated by LPS (Chowdhury et al. 2017) . The gene expression patterns form the basis for functions of endothelial cells including cardiac endothelial cells. lncRNA lethe can be induced by GR agonists to inhibit NF-κB-induced signaling and inflammation in embryonic fibroblasts and macrophages (Rapicavoli et al. 2013 , Zgheib et al. 2017 .
Taken together, the interplay of glucocorticoids and epigenetic mechanisms plays an essential role in the cardiac microenvironment and consequently influence heart development and disease. However, the mechanisms underlying the genetic and epigenetic regulation of gene expression by glucocorticoids during physiological and pathophysiological conditions are still not well understood and merit further investigations.
Clinical implications and future directions
Over the last decade, significant progresses have been made to advance our understanding of glucocorticoids and their signaling in the programming of heart development and function, which sheds light on the prognosis and management cardiovascular disease (Torres et al. 1997 , Abbasi et al. 2000 , Liu et al. 2006 , Massari et al. 2012 , Xiong et al. 2016 . Glucocorticoid drugs have been commonly used since the 1950s. The synthetic glucocorticoids including betamethasone, budesonide, dexamethasone, hydrocortisone rectal, methylprednisolone, prednisone, prednisolone and triamcinolone are clinically used to treat various pathological conditions such as autoimmune disorders, arthritis, asthma, adrenal insufficiency, cancer, skin conditions and surgery. It is worth noting that short-term use (less than 7 days) of glucocorticoids can help treat heart failure by increasing the body's ability to respond to certain diuretics (Liu et al. 2006 (Liu et al. , 2014 . The 2013 American Heart Association/American College of Cardiology Foundation guidelines currently list 'steroids' among common precipitants of acutely decompensated heart failure (Yancy et al. 2013) . Clinically investigating glucocorticoid drugs in the heart development and cardiovascular disease are currently in progress (Zhang et al. 2008 , Massari et al. 2012 .
Although most clinical trials suggest that sustained exposure or repeated low doses of glucocorticoids prenatally in humans are effective in improving fetal outcomes (Abbasi et al. 2000 , Crowther et al. 2006 , Asztalos et al. 2010 , specific data are lacking in human cardiac development. Glucocorticoid/GR signaling plays an essential role in the maturation of cardiac function shortly before birth, while insufficient or mis-timed glucocorticoid signaling may contribute to common cardiovascular complications. On the other hand, emerging studies have found that prenatal excessive glucocorticoid exposure may delay cardiac maturation, and even cause the pathology for cardiovascular problems in the adult (Torres et al. 1997 , Xiong et al. 2016 . However, the time-dependent and concentrationdependent effects of GCs in the fetus are still not fully elucidated in halting the slow development of cardiac dysfunction across the life span. Although the knowledge gained from studies in the mature heart or cardiac damage is clearly insufficient to fully understand cardiac programming by glucocorticoids in the fetal heart, some studies in mature heart provide similar adverse effects of glucocorticoid overexposure as in fetal heart. Sustained excessive glucocorticoid release from the adrenals results in cardiac dysfunction, including myocardial ischemia and hypertrophy and dilated cardiomyopathy (Frustaci et al. 2016 ). In addition, MacDonald et al. examined medical record data from 68,781 glucocorticoid users and 82,202 nonusers without previous hospitalization for cardiovascular disease. They found that treatment with high-dose glucocorticoids seemed to be associated with an increased risk for cardiovascular disease including heart attack, heart failure and stroke (Wei et al. 2004) . So, it is helpful to consider how glucocorticoids regulate cardiac function in damaged mature heart as a starting point to hypothesize understand what may be occurring in the fetal heart. Interestingly, a single dose of glucocorticoids in the presence of small, patchy microembolizationinduced myocardial infarction improved heart function and exerted no adverse effects (Skyschally et al. 2004) . Therefore, it is necessary to explore short-term and longterm effects of glucocorticoids on human heart function, as well as programming effects of possible over-or mistimed exposure on the fetal cardiovascular system in greater depth.
There are many aspects of glucocorticoid action that we do not yet know or are just beginning to appreciate, especially in human fetal and adult heart. Clinically, many patients develop resistance to the glucocorticoid treatment, especially in chronic inflammatory disease (Barnes et al. 2009 ). Attenuated responses to therapeutic glucocorticoid administration can result from three categories: (1) over-or mis-timed exposure of glucocorticoids; (2) genetic (a mutation of GR) causes with the mutant receptors no longer being able to bind hormones and (3) epigenetic causes with homologous downregulation of the functional wild-type receptor. The downregulation of the GR seems to be altered from an epigenetic event to a genetic form of resistance (Silva et al. 1994) . Interestingly, the glucocorticoid sensitivity is recently found to be associated with differential methylation at 13 loci in patients with myalgic encephalomyelitis/chronic fatigue syndrome (de Vega et al. 2017) . It is thought that modifications to epigenetic loci associated with differences in the glucocorticoid sensitivity may be significant as biomarkers of predicting patient steroid responsiveness for future clinical testing, which enables to optimize glucocorticoid therapy.
Moreover, further delineation and dissection of genomic and non-genomic glucocorticoid effects on programming cardiac microenvironment would be necessary for facilitating more specific pharmacological targeting of glucocorticoid effects such that the beneficial effects of glucocorticoid on the heart development and function can be achieved with minimized adverse effects and enhanced glucocorticoid sensitivity.
Conclusion
The review highlights the significance of glucocorticoids in programming the heart development and function. Epigenetic modifications play an essential role in glucocorticoids-mediated programming in various cellular and extracellular components and the clinical relevance of glucocorticoids function in the heart (Fig. 1) . These findings indicate that glucocorticoid signaling is a promising therapeutic target for the development and progression of cardiac disease (Fig. 1) . Illustration of the routes by which maternal stress/hypoxia-modified glucocorticoid signaling alters cardiac development and the susceptibility to adult heart disease. Maternal stress/hypoxia induces an excessive release of glucocorticoids which can diffuse across the placenta to enter into the fetal circulation. Activation of the glucocorticoid receptor (GR) by glucocorticoids results in both genomic and non-genomic effects. The glucocorticoid/receptor complex formed in the cytosol could migrate into the nucleus to alter gene expression through transactivation or transrepression (genomic effects). The binding of glucocorticoids to GR in the membrane could activate other cellular signaling pathways (i.e., MAPK, src and PI3K) to elicit rapid responses (non-genomic effects). Maternal stress/hypoxia can also regulate GR expression via epigenetic mechanisms to alter glucocorticoid-induced genomic and non-genomic effects. Moreover, the binding of glucocorticoids to GR in the fetal heart can alter cardiac epigenome (e.g., DNA methylation, histone acetylation, miRNAs and lncRNAs). Together, genomic, non-genomic and epigenetic mechanisms alter fine-tuning proliferation-, maturation-and apoptosis-related proteins and Ca2+ handling proteins, resulting in modification of the activities and functions of cardiomyocytes and supporting cells including endothelial cells, immune cells and fibroblasts in the cardiac microenvironment. Consequently, the cardiac developmental disorder occurs and the susceptibility to heart disease increases in adult offspring.
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